The potential of households' used cooking oil (UCO) recycling for biodiesel production is massive. This study aims to promote the shift from UCO inappropriate disposal to sustainable recycling. UCO is classified as municipal waste under the code 20 01 25 (edible oils and fats), according to the European Waste Catalogue. Inappropriate UCO disposal increases the operating cost of wastewater treatment, the risk of groundwater contamination, as well as the greenhouse gas emissions that are associated with its biodegradation. Recycling UCO-to-biodiesel offers a sustainable solution in the exploitation of a problematic waste and its transformation into an energy resource, thus contributing to the reduction of environmental pollution and fossil fuel dependence. This paper includes critical recommendations in order to overcome bottlenecks to successfully promote the UCO-to-biodiesel chain. Quality control of the biodiesel-produced exclusively from UCO-was performed according to the European Standard EN 14214 and the results are presented in the paper. The analysis studies the outcomes from four Southern European countries (Spain, Portugal, Italy, and Greece), which hold the top four places in annual per capita olive oil consumption in the European Union (EU).
Introduction
Diesel is considered to be one of the largest contributors to environmental pollution problems worldwide; turning to more environmentally friendly and sustainable fuels has today become a necessity in combating increased Greenhouse Gas (GHG) levels and climate change. Over the past two decades, biofuels have gained continuous interest due to the renewable feedstock and their short life cycle [1] . Biodiesel and its blends with diesel are currently investigated as a viable solution to the problems of fossil fuels depletion and environmental degradation [2, 3] . Biodiesel that is produced from Used Cooking Oil (UCO) has lately been tested in diesel engines, providing satisfactory results.
When UCO is improperly disposed, it can cause a significant environmental burden; however, if it is collected and recycled, then it can be proven to be an efficient energy resource. Today, the most commonly met practice of disposing UCO (especially from households) is to throw it in the consumption for transport in the selected southern Member States during the years 2016-2017 is presented in Table 1 . The current work aims to transfer lessons that were learned for the UCO-to-biodiesel chain in these Southern European countries, to provide recommendations for European and national policy, and to present the quality results of the biodiesel that is produced at the local and industrial level.
Materials and Methods
The suitability of the UCO based biodiesel as a transportation fuel, as well as its quality characteristics, are initially assessed. UCO is converted to biodiesel through homogeneously catalysed esterification process. The objective is to evaluate the quality characteristics of the produced biodiesel through the analysis of the samples, conducted at ELIN Biofuels Laboratories. Determining the properties of the UCO based biodiesel is essential for the optimal injection and combustion performance of diesel engines [29] . Parameters were compared to the maximum and minimum permitted values, according to the Standard EN 14214: 2012 [30] .
UCO Collection
The initial step was the UCO local collection. Since the quality of UCO affects the quality of biodiesel that is produced, successful UCO collection methods have been investigated within RecOil in order to obtain UCO in large quantities that are as clean as possible. Through an extended survey that covered 900 households and more than 40 UCO collection systems in Europe, the RecOil team concluded that the most typical collection method is by far the establishment of public collection points, in easily accessible public places, like schools, supermarkets, parking lots, municipal buildings, and most visited squares. Nevertheless, within the demonstration projects that were implemented during RecOil action, different collection strategies were investigated: (i) containers in open public areas, (ii) collection points at schools, and (iii) door-to-door collection. In addition, tailor-made communication strategies were put in operation, resulting in the establishment of new UCO collection systems or the expansion of existing ones. The collection system consisted of 408 containers, while 5500 families were involved in the door-to-door collection. Table 2 provides an overview of status before and after the RecOil campaign in the participating municipalities and regions. The RecOil activities have resulted in a significant increase of collection points and UCO collected volumes. As a result, more than 183,350 L of UCO were collected in a year.
Due to the large scale of the sampling process in different southern Mediterranean sites, a typical experimental design was practically not feasible. Sampling and analysis were based on availability and cost constraints. 
Samples Selection
In order to assess the quality of the UCO based biodiesel, 40 samples, in total, were analysed ( Table 3) ; 24 of the samples were from locally collected UCO, which was later converted to biodiesel by ELIN SA (U-LOCAL). Partners ENA, TUC, MC, and ALESCO produced their own biodiesel from UCO (B-LOCAL) to evaluate the feasibility of local production (16 additional samples). All of the biodiesel samples were then analysed at ELIN laboratories. Free Fatty Acid (FFA) and H 2 O content of the collected UCO were initially measured (Table 4 ). To determine the FFAs, the EN 10105 standard was followed, whereas water content measurements were applied according to the DIN EN ISO 8534 [31, 32] . 
Biodiesel Production
The method that was adopted for the UCO-to-biodiesel transformation was the homogeneously catalyzed esterification, which is the most common in the biodiesel industry. The aim of the transesterification process was the production of biofuel that was to be used in transportation. 24 samples were sent to ELIN laboratories for esterification/transesterification and analysis according to EN 14214. The steps followed included: washing, neutralizing, drying, and filtering. No actual problems were recorded during the samples' production process. The parameters of the biodiesel produced from UCO (U-LOCAL) are presented in Table 5 , which shows the average values of the produced biodiesel per area, thus the 24 samples are categorized into seven groups.
Regarding the biodiesel produced, the water content was identified according to EN ISO 12937 and the acid value (KOH/g) according to EN14104. The physical properties were measured according to various standards: density at 15 • C (EN ISO 12185); viscosity at 40 • C (EN ISO 3104); flash point (EN ISO 3679); cold filter plugging point (CFPP) (EN 116); and, cloud point (EN23015). Table 6 shows the relevant results of the quality check of the locally produced biodiesel by ENA, APEC, TUC, and MC. 
Biodiesel Analysis
Biodiesel analysis results were compared to the minimum and maximum values that were determined in EN 14214: 2012. Measurements were performed according to the tests/methods presented in Tables 5 and 6 (column 5) . Similar to the previous parameters' presentation (Table 5) , the samples were grouped into four clusters that were based on the origin/production area. 
Results and Discussion

UCO Samples Converted at ELIN Laboratories
All 24 UCO samples met the specifications of EN 14214: 2012 regarding density, viscosity, flash point, cetane number, copper strip corrosion, CFPP, cloud point, linolenic acid methyl ester, polyunsaturated methyl esters, acid value, glycerides content, glycerol content, phosphorus content, and metals Ca/Mg content.
Sulphur content was out of specifications for 13 of the samples that were analysed. The most probable reason for the observed increased values of sulphur content is the various foods that cooking oil comes in contact with. Sulphur though can be removed from the final product (biodiesel) via vacuum distillation. High sulphur levels in the diesel may give rise to the production of H 2 SO 4 and sulphates compounds in the engine. H 2 SO 4 causes corrosion in the engine, while sulphates lead to increased particulate matter emissions.
Water content was out of specifications in 10 of the samples. Values for these samples ranged from 520 to 1068 ppm (upper limit: 500 ppm), which was probably attributable to insufficient drying or inappropriate storage. When stored, biodiesel can absorb more humidity than conventional diesel, since FAMEs are hygroscopic compounds. Even though relevant high values (>1000 ppm) have been recorded, for biodiesel, different techniques are available to absorb humidity [33] . The high water content in biodiesel may lead to the corrosion of some engine parts resulting to engine failure. Moreover, the increased water content may lead to microbial contamination of the fuel that can cause filter plugging problems.
Total contamination values exceeded the 24 mg/kg limit in six of the samples. High values of total contamination may lead to filter plugging or particle deposition in the fuel injection system.
In 15 of the samples, ester content was out of specifications. This was expected since oils when heated during cooking/frying are oxidized and polymerized. The products of these reactions are soluble in biodiesel and they result in low ester content of the final product. The only way to remove these polymerized compounds is by vacuum distillation of biodiesel. Low ester content fuels may result in operational problems of the engine due to depositions in its parts. In relevant published studies, low values have been recorded for ester content varying from 91.3% to 95.0% where biodiesel was produced from palm oil, olein oil, and stearin oil [34] .
All 24 samples that were analysed were out of specifications in terms of oxidation stability. This was expected, since most of the biodiesel, as produced from vegetable oils, has less than 8h of oxidation stability, which is the limit; thus, antioxidant additives must be added before use. As the unsaturation degree increases, oxidation stability of biodiesel decreases, thus biodiesel is less oxidation that is resistant to conventional diesel due to the presence of unsaturation in its ester chains. Low values are also commonly met in biodiesel derived from other feedstock (e.g. soybean and corn; less than 5.1 h) [35] . In addition, the cooking/frying process has a negative impact on the oxidation stability of the final product. Low oxidation stability results in fast oxidation of the fuel, which produces compounds that may cause fouling and deposits in the fuel injection system of the engine. In addition, fuels' oxidation process produces acid compounds.
Various UCO samples and oils from different crops were used in other studies [36] (sunflower, olive, maize, soybean, palm) to produce biodiesel; the iodine values varied from 72 to 121 g iodine/100 g, depending on the samples' feedstock. In our case, only two samples were out of specifications regarding iodine value (>120 g iodine/100 g); however, the vast majority of the values received where within the max value that was set by the relevant standard. Iodine value limitations are imposed in order to record the natural tendency of the fuel to oxidize. Higher iodine values result in increased oxidation.
Specifications can be further enhanced when biodiesel is blended with diesel. Blends studied in the literature [37] [38] [39] can offer optimized properties.
UCO Samples Converted to Biodiesel Locally
16 biodiesel samples were locally produced by four different partners of the consortium and then analysed at ELIN laboratories. However, none of the samples from small-scale labs attained all EN 14214 specifications.
Viscosity exceeded the limit of 5 mm 2 /s in four samples, indicating incomplete reaction (UCO remnants in biodiesel). High viscosity levels can cause engine operational problems due to reduced fuel flow.
Flashpoint was lower than the minimum value of 101 • C in two samples. This is caused by methanol, which was probably not adequately removed from the final product. Flashpoint is a property mostly used to classify fuels according to safety standards for handling, storage, and transport; on the other hand, flashpoint limitation in biodiesel is imposed to ensure that no methanol is left in the fuel. Low flashpoint can cause engine ignition problems. For conventional diesel, the flashpoint value is close to 65 • C, whereas in UCO, values usually range above 100 • C [40] .
Water content was off specifications in all 16 biodiesel samples, with values up to 2600 ppm (limit 500 ppm), due to insufficient drying. Two biodiesel samples exceeded the 24 mg/kg upper limit regarding total contamination, thus affecting fuel performance.
Acid value exceeded the 0.5 mg KOH/g limit in three samples, which is probably because of either the presence of free fatty acids in the final product due to incomplete reaction or because of the insufficient washing/separation in the neutralization phase of the catalyst.
Ester content was out of specifications in all 16 samples. This may be the reason for either incomplete reaction or due to the nature of the collected UCO.
Glycerides and total glycerol exceeded specifications in all 16 samples. Glycerides are the main components of vegetable oils and their presence indicates an incomplete reaction. High levels may cause problems to the viscosity of the fuels and thus to the flow behaviour, as well as the filter plugging problems.
The results of the analysis indicated that local transesterification processes were not successful. On the contrary, ELIN laboratories achieved the production of biodiesel that, in most cases, met EN 14214 standards, indicating that industrial level laboratories can produce biodiesel fuel, from 100% UCO, of satisfactory quality.
Policy Recommendations
Recycling UCO-to-biodiesel can offer a sustainable alternative for transportation fuel. Biodiesel from UCO is by far the most sustainable biofuel from the viewpoint of the conservation of fossil resources [11] . Benefits that are gained from the UCO-to-biodiesel chain should be widely spread to the relevant stakeholders and policymakers in order to encourage and facilitate the procedures that were followed within this chain.
Appropriate policies and supporting measures can lead to the efficient implementation of the UCO-to-biodiesel chain and they can facilitate the expansion and replication of such initiatives. Due to the economy of scale, this will decrease the unit cost of biodiesel [41] .
Awareness raising campaigns should be the first step for the promotion of UCO-to-biodiesel production. The current UCO recovery is very limited due to collection and processing barriers, which mainly include insufficient collection systems, limited feasibility studies on local biodiesel production, unfavourable or underdeveloped regulatory framework, and low-level biodiesel blends.
EU policy could stimulate the regional/municipal administrations to establish new UCO collection systems. Since local authorities are usually the main development planners at the local level, policy changes should also initially be promoted by them. EU Directives could work in parallel with the Covenant of Mayors in order to boost the dissemination of best practices and UCO recycling targets, within the context of local Sustainable Energy Action Plans (SEAPs).
Administrations should develop plans, including UCO collection and recycling, as well as UCO-based biodiesel usage in public transportation. Information campaigns should also focus on how to implement the double counting system, with clear and homogeneous custody rules, procedures, and documents. Different policy instruments can be locally implemented for the promotion of cleaner fuels and vehicles in cities: tax exemptions for biofuels; reduction of parking fee for cars using biodiesel; funding of relevant innovative projects; and, funding for new infrastructures (UCO collection systems and small-scale biodiesel units).
Directives for alternative fuels [42] [43] [44] do not provide clear directions for biodiesel. A potential amendment to the EU Water Framework Directive could be a great opportunity to raise awareness on UCO recycling benefits. The recent adoption by EU Council of Ministers of the new Renewable Energy Directive, which sets a target of at least 14% of energy from renewable sources in transport, could intensify the deployment of sustainable bioenergy, as a critical tool to mitigate climate change [45] .
Member States can have a critical role in the support of UCO-based biodiesel. Within the context of the Alternative Fuels Infrastructure Directive [42] , national governments will have to design and establish national frameworks for the development of alternative fuels, like advanced biofuels. Thus, governments could define ambitious goals and incentives to further encourage the promotion of UCO-based biodiesel. These incentives should conform to the Directive and relevant competition rules.
Consumption could also be stimulated by setting higher mandatory biofuels blending targets. This measure could greatly assist the market uptake, but it requires strong collaboration with automobile manufacturers, so that the engines can be compatible with greater blends of biofuels. The definition of an ambitious, mandatory, and clear target for the post-2020 period with penalties that are high enough to prevent buyouts could greatly support the market of UCO-based biofuels. UCO is a waste that needs to be treated in a viable way. EU members need to encourage the separate collection and the treatment of bio-waste in a way that fulfils a high level of environmental protection.
Finally, investment support by the EU should be enhanced at the national and regional level for research and production in non-commercial environmental resources. According to this study, good biodiesel quality can be achieved on a large scale, but additional effort is needed to optimize procedures at the local level (small scale).
EU policymakers and local authorities are highly encouraged to take measures in favour of local biodiesel production. The decentralized energy (self) production will encourage the creation of the necessary quality assurance infrastructure.
In brief, these final critical recommendations are depicted in Table 7 . Table 7 . Critical recommendations to improve the UCO-to-biodiesel chain.
Level Recommendations
Global It is urgent that UCO, as a waste, to be treated in a viable full-chain way in favour of the environment and the society.
EU/States
Further support of efficient systems to collect and treat UCO produced in households;
The bottled UCO collection is preferred versus the bulk one; EU policymakers should take measures in favour of decentralised local biodiesel (self)production, which will change the local collection culture, as well as the production infrastructure; Capacity building efforts will improve the awareness of the policymakers.
Industries
Although industrially produced biodiesel from 100% UCO is close to the specifications set in the EN 14214 Standard, still, blending with non-UCO biodiesel is considered necessary to enhance properties.
Local authorities/communities
Conversion procedures should be upgraded locally to meet the biodiesel standards of EN 14214. There is a need for transferring processing plant technology and know-how, from industrial scale to small-scale viable biodiesel plants.
Conclusions
The increasing production of UCO from households and other sources (restaurants, industries, etc.) is a growing problem in cities globally. UCO is a residue that is regularly disposed in the drain, potentially contaminating groundwater supplies or causing problems to wastewater treatment plants resulting in reduced treatment efficiency and increased cost. In other cases, UCO may be led back into the food chain through animal feeding, which likely causes human health problems. Even though authorized service providers often collect UCO that is generated in restaurants, most countries lack efficient systems to collect and treat UCO produced in households. The technical and scientific team of this work investigated the best practices of the UCO collection from households, concluding that the most typical and efficient collection method is the establishment of public collection points in open public places. In addition, it was recorded that the bottled UCO collection as compared to the bulk collection is preferred, as it can minimize the risk of contamination with other fluids or waste, as well as the aesthetic degradation of the UCO bin and its surroundings.
The results from the top four EU countries in per capita olive oil consumption are presented in this study; it was seen that the specifications of the industrially produced biodiesel from 100% UCO are not far from those in the EN 14214 Standard; however, blending with non-UCO biodiesel is considered to be necessary to enhance its properties. The results presented are similar to other studies on the quality of biodiesel from UCO [46] and are close to the values that were recorded for biofuels from other feedstock [47] :
• Hight sulphur content, which is due to the various foods that cooking oil comes in contact with, which might cause corrosion in the engine and increased particulate matter emissions.
• High water content, since FAMEs are hygroscopic compounds, which might lead to the corrosion of engine parts and microbial contamination.
• Low ester content since oils when heated during cooking/frying are oxidized and polymerized, which might result in operational problems of the engine due to depositions in its parts.
•
Low oxidation stability, requiring antioxidant additives, which produces compounds that may cause fouling and deposits in the fuel injection system of the engine.
Analysis of the 16 locally produced biodiesel samples indicates that the final product does not fulfil the specifications set. Water content, ester content, glycerides, and total glycerol were off specifications for all of the samples. Unfortunately, local laboratories do not possess appropriate infrastructure and an advanced level of expertise to produce an output of high quality, like industrial laboratories. Conversion procedures should be upgraded at the local level in order to meet the biodiesel standards of EN 14214. In several cases when biodiesel was produced locally, efforts were made to achieve properties' optimization by experimenting with different catalysts (type and quantity) at different temperatures and residence time. Biodiesel samples that were sent to ELIN labs to be tested were mostly the output of experimental methods rather than the result of a standardized approach.
It becomes apparent that there is a need for transferring processing plant technology and know-how, from industrial scale to small-scale viable biodiesel plants. The decentralized production of biodiesel and biofuels could become key for future sustainable schemes. The concept of small-scale fully autonomous certified commercial biodiesel units can be proven to be an efficient solution for small producers (e.g. municipalities) that can later act as best practice examples to locally promote UCO recycling. 
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